The Portevin-Le Chatelier (PLC) 
INTRODUCTION
For some metallic alloys deformed in certain ranges of temperature and strain rate, the Portevin-Le Chatelier (PLC) effect, or so named "serrated yielding," is a spectacular phenomenon often observed after an initially smooth deformation. Typical of this effect is a complex behavior both in time and in space. The temporal dynamics exhibits itself by repeated stress serrations on stress-strain curves, and thus the subsequent deformation takes place in a discontinuous and jerky manner. Corresponding to each stress serration, there is a localized deformation band (the PLC band) being initiated and propagating along the specimen, which spatially depicts the nonuniform landscape of the PLC effect.
Recently, much renewed attention has been paid to the investigation of the PLC effect toward a comprehensive understanding of this phenomenon, owing to both theoretical and applicative interests. The localized deformation behavior associated with this particular plastic instability will, generally speaking, reduce the total fracture elongation of the deformed material [1] . Since the PLC band is actually a traveling neck in which a very large shear deformation has been severely concentrated, its capacity for further deformation is exhausted, and the final crack has always been found to be located at the place where the localized shear band stops [2, 3] . This kind of loss of plasticity induced by localized deformation is also common in nanocrystalline materials [4, 5] , although the underlying mechanism and the intrinsic length scale are not exactly the same for these two situations. Another drawback involved in the PLC effect is that some undesirable striations remain on the surfaces of the deformed material [6, 7] . These banded deformation markings, visible even with naked eye due to the macroscopically localized shearing, no doubt plague the surface quality, especially for sheet products. It has been experimentally proven that many dilute alloys suffer from the PLC effect at their generally used temperatures and strain rates, e.g., for Al alloys it is most prominent at room temperature, which causes difficulty in their forming and shaping and further limits their use, despite their envied advantage of high strength-to-weight ratio. Therefore, from the application point of view, besides some critical conditions for the PLC effect to occur, how to control this plastic instability and the associated localized deformation is of great importance and the issue of most concern for engineering.
To get a proper answer to the above question, one must see deep into the fundamental mechanisms and the related structure evolutions on different length scales. The physical basis, well accepted so far, explains the PLC effect as the result of interaction between mobile dislocations and solute atoms in the dynamic strain aging (DSA) regime [8] [9] [10] [11] [12] [13] since this phenomenon does not appear in pure metals. Based on this concept, some time-dependent models have been established that can give a satisfactory description of some temporal features of the PLC effect (see Ref. [14] for a review). However, the research by Hahner et al. [15, 16] shows that DSA is not the only condition for PLC instability to occur; but in addition, cooperative dislocation interactions are necessary. Recently, some developments have been made in the investigation of the spatial characteristics of the PLC band [17] [18] [19] , i.e., the static, hopping, and propagating shear bands are captured by embedding the local constitutive equations into the finite element (FE) simulations. Compared with the rich experimental observations [2, 3] obtained by using dynamic digital speckle pattern interferometry, some other dramatic spatial aspects of this phenomenon are still not fully resolved, e.g., two bands coexist simultaneously; the band inclination angle may change symmetrically, sometimes in the later half of tests; and shrinkage deformation takes place outside the band, even in tensile tests.
Since the macroscopic plastic deformation is governed by the mechanical properties of microstructures and their interactions on lower length scales, one conceptual way to achieve a thorough understanding of the physics and process controlling the PLC effect is to put it in the scheme of multiscale modeling, namely, the study could be taken from atomistic calculations of the dislocation-solute interactions and the dislocation structures, to examination of the related spatiotemporal dynamics at the macro level. Multiscale modeling has become a catchphrase in materials science during the last decade, and some significant advances have been made (see Refs. [20, 21] for reviews and the references therein). However, at the present state of the art, the atomic-to-continuum approach, no matter if it is of the hierarchical (information passing) or hybrid (coupling) methodology, can be practicable only for some particular problems in which the critical length scale is relatively small, such as a crack tip, grain boundary, or nanoindention. The recent research [22, 23] based on dislocation dynamics made a distinct step forward in the multiscale modeling of shear localization, but again, this method can only deal with small-scale plasticity phenomena. Therefore, approaches from meso (grain-length) to the macro level should presently be most tractable for multiscale modeling of the PLC effect and the localized deformation band involved in it, since the related length scale here is widely ranged from atomic to macroscopic millimeters. Recent attempts [18, 19] , in which crystal plasticity is coupled with a three-dimensional FE framework, can be attributed to this category. When performing such work, a local constitutive model must be preliminarily well defined, with some basic or phenomenological understanding of the underlying mechanisms and the response of microstructures. In this paper, the PLC effect is studied based on a multiscale analysis, and then the interactions between mobile dislocations and solute atoms are reexamined in a collective manner. With the emphasis on the macroscopic mechanical response of the interaction and evolution of microstructures, a phenomenological model of the PLC effect is developed. To verify the applicability of this model, simple one-dimensional numerical simulations were carried out for tensile tests of Al alloy 2017 specimens at room temperature.
CONTINUUM MODEL BASED ON MULTISCALE ANALYSIS
Dislocation is the carrier of plastic deformation, and the macroscopic strength of the deformed material depends on the resistance to the dislocation motion at lower length scales.
The dislocation multiplication and varieties of deformation-induced dislocation structures will increase the obstacles and their intensities to be surmounted by the dislocation motion; in other words, additional force is needed for further plastic deformation. Making this strainhardening effect clear has been one conundrum of the materials science field for a long time, ever since the dislocation theory was established. In this paper, a simple power rule is assumed as follows to characterize the response of flow stress to long-range dislocation interactions, since the strain hardening coefficient shows a decreasing tendency with the increasing plastic strain ε on the testing stress-strain curves.
where the coefficients h, m are considered as constants for convenience, and m <1.
Besides the long-range obstacles, there are also some short-range impediments in the dislocation slip path. The latter can be conquered by the thermally activated dislocation motion with the aid of effective stress acting on the dislocation line, and this gives an explanation for the rate dependence of plastic flow. The strain rate dependence of flow stress is described here in two terms. One comes out as an instantaneous stress response that expresses the normal positive strain rate sensitivity. Taking account of the Orowan equation and the Arrhenius equation, where only the linear stress term is retained in the expression for the activation energy [10] , the instantaneous contribution of the plastic strain rate to flow stress is given by
whereε is a sufficiently small constant, or in its differential form
In Eqs. (2) and (3), f is the instantaneous strain rate sensitivity and f > 0.
The other dependence of flow stress on strain rate, i.e., the transient response, is included in a new stress component, σ dsa , to describe the collective interactions between mobile dislocations and solute atoms due to dynamic strain aging. Since a dislocation is a disruption of the stacking sequence of atomic planes in a crystal, atoms near the dislocation line do not occupy the lowest energy sites, and high stresses will be found in the vicinity of the dislocation. For alloys, a solute atom also distorts its surrounding lattice on account of the solute and solvent atoms possessing different atomic sizes. Hence, there is an energy well at the dislocation for solutes around it, viz., and these impurities may diffuse toward the dislocation in its elastic stress field to minimize the system energy. A Cottrell atmosphere of solute atoms is formed as a result of this stress-induced redistribution of solutes in the vicinity of the dislocation, which may work as an impediment to dislocation motion. The force acting on a dislocation must be sufficiently increased to overcome the interaction between the dislocation and its solute cloud before it is about to move. Considering the discontinuity of dislocation motion, a dislocation can be captured and locked again by solute atoms during its waiting time at obstacles in the slip path when the solute mobility becomes comparable to that of dislocation. Therefore, this pinning and unpinning process of dislocation movement may take place repeatedly in the regime of dynamic strain aging, and the stress oscillations result correspondingly. It is difficult, at present, to quantify the kinetics of dynamic strain aging on the microscopic scale because the associated physical principle is very complicated and even enigmatic, and this is also not the main purpose of the present paper. With the emphasis on macroscopic mechanical response of dynamic strain aging, the following semiempirical expression [24, 25] is adopted here to characterize the stress component resulting from collective interactions between mobile dislocations and solute atoms
where a, b, g are positive constants, and σ M dsa is the maximum value of σ dsa . Breakaway of a dislocation from its Cottrell atmosphere will cause a decrease of σ dsa , which is reflected in the first term on the right-hand side of Eq. (4). The farther the dislocation is pulled away from its atmosphere, or on the macroscopic scale, the bigger the plastic strain increment and the stronger the original resistance, the more the reduction of this stress component. The second term takes account of the age hardening effect, which is correlated to solute diffusion and, accordingly, is time dependent. The concentration of solute atoms at the dislocation, C s , increases with time, but there should eventually exist a saturation value, C m , for it since the International Journal for Multiscale Computational Engineering diffusion velocity will decrease with increasing C s . Correspondingly, σ dsa develops to its maximum value, σ M dsa , at a decreasing rate, which is assumed in an exponential form as shown in Eq. (4). In other words, dynamic strain aging is considered in this paper as the combination of two effects, the age hardening and the subsequent strain-induced softening. The mechanical behavior of the alloy should be related to the competition between these two effects. For example, if the softening effect is dominant, when the absolute value of the first term in the righthand part of Eq. (4) is larger than that of the second term, a sudden load drop would be expected in tensile testing. On the contrary, when the age hardening effect is ascending, the material should be in the period of reloading. In a steady state (strain rate is kept constant), which means these two effects are in balance, one can get
It is apparent from Eq. (6) that a largerε will result in a smaller σ dsa , so in this model the negative strain rate sensitivity of flow stress necessary for the occurrence of the PLC effect [26] has its definite physical basis, and then can be satisfied naturally [27] rather than being imposed as a presupposition.
Using an initial internal stress σ 0 , the total flow stress becomes
and its incremental form can be written as
NUMERICAL SIMULATION OF TENSILE TESTS

Initial Conditions
Numerical simulations based on the above model were carried out for uniaxial tension at room temperature of an aluminum alloy 2017 specimen. In order to get the initial values ofε and σ dsa in the simulations, the following equation:
is used for the load P , in which K is the effective stiffness of the machine and specimen, v is the tensile speed, l 0 is the initial specimen gauge length, and P 0 is a constant at the initial values t 0 = 0 and ε 0 = 0 (initial plastic strain). Considering the decrease of the initial cross-sectional area S 0 during plastic deformation, the stress is expressed as
The initial plastic strain rateε 0 is considered as the homogeneous deformation rate, so combining Eq. (10) with Hooke's law, it can be derived asε
where E stands for Young's modulus. The initial value σ dsa0 can be calculated by substitutinġ ε 0 into the steady-state expression of Eq. (6)
Consideration of the Heterogeneity of Plastic Deformation
Plastic deformation is inhomogeneous on the microscopic scale owing to the microstructural heterogeneity of the deformed material. The PLC effect actually reflects the macroscopic response of the alloy to the evolution of its microscopic structure under specific deformation conditions (including the specimen geometry). It must be noted that this microscopic nonuniformity has developed to its extreme state in the PLC effect; namely, it has become the prominent deformation mode even on the macroscopic scale. This peculiarity, therefore, must be considered appropriately in the numerical simulations of the phenomenon. In order to spatially model heterogeneous deformation, the specimen gauge length was numerically divided into N sections of equal width, simply coupled with one another through the acting force; and there must be a nonuniform distribution of the model parameters along the specimen to reflect, on the macroscopic scale, the intrinsic heterogeneity of the deformed material. But each section is assumed to have the same parameters, for convenience of computation in the numerical simulation. So, the deformation in each section will be uniform, or furthermore, the individual section is the unit of localized deformation. Two different types of defect were introduced in the numerical simulation: a linear change of the initial crosssectional area with the total amplitude of 1%S 0 to describe the possible geometric defect in the specimen, and a random perturbation of the initial internal stress σ 0 with the total amplitude of 5 MPa to reflect the heterogeneity of the microstructure of the specimen. In the numerical simulation, these two types of defect were introduced once the plastic deformation was started. In other words, they take effect only after the plastic deformation begins and denote the difference of deformation resistance among the specimen sections. During succedent calculations, the plastic deformation was dissimilar in each section, but the evolution of this dissimilarity was dominated by the established constitutive relationships. As it was stated above that each section can be regarded as the element of the macroscopically localized plastic deformation when the initial disturbances are prescribed in the numerical simulations, the number of the discretized sections N is determined here according to the result that the width of the PLC band is approximate to the specimen thickness [2, 3, 17] .
Results and Discussion
The in Figs. 2 and 4 were obtained by introducing the perturbation of the initial cross-sectional area and initial internal stress, respectively. It is proved that the serrated yielding phenomenon can be successfully reproduced from the nonuniformity of both geometry and inner structure, but the latter reflects the physical heterogeneous nature of the deformed material, and is thus more constitutive. Comparing with our earlier results [25, 28] , it can be seen that a disturbance is needed here merely to trigger the PLC instability and its detailed configuration is not the controlling factor, viz., the disturbance itself rather than its distribution function is an inherent point of the model. The similar result to clarify the operation of the prescribed initial nonuniformity was also achieved in the research [29] about the deformation behavior of an amorphous polymer, where a normal distribution of the initial shear strength of the polymer was employed to indicate the heterogeneous distribution of the molecular chains.
The localized deformation behavior is also investigated here. Figures 1-4 also show the experimental and simulated strain-time curves. The experimental results shown in Figs. 1 and 3 were measured with an extensometer of 25 mm gauge length, which was placed in the middle of the specimen during test. Apparently, the curve is not smooth even though it figures the average strain of the specimen between the two edges of the extensometer, and this adequately indicates the localized deformation property in the specimen. The position where the crack occurred was located inside the extensometer gauge length, so the slope be-comes higher at the end of the curve. Comparing with this result, the nonuniform and localized deformation behavior is also reproduced theoretically through the computational strain curves displayed in Figs. 2 and 4 . These calculated strain data were obtained by averaging the values of 10 sections that fell within the extensometer gauge length. Besides the average deformation behavior, numerical simulation can also give an insight into the details of the jerky flow. Figure 5 shows the simulated strain of three adjacent sections, calculated by introducing the perturbation of initial internal stress. The strain versus time curve of each section initially has the same slope that is approximate to the imposed strain rate, when there is no serration in the calculated load curve. This indicates uniform elongation in the specimen. However, such balance is disturbed by the succeeding localized deformation. It is evident that each curve consists of repeated strain plateaus and sharply increasing steps that correspond to sudden stress drops and denote avalanchelike shear deformation in this section. The strain steps become higher and wider with increasing plastic deformation and, meanwhile, the stress serrations exhibit the same regularity. This means that the PLC bands propagate repeatedly along the specimen with a decreasing velocity, as was directly observed in Refs. [2, 3] . From strain-time curves, the propagating characteristic of the PLC bands can be captured as bands of type A [6] , clearly depicted in Fig. 5 propagating at an initial velocity of about 2 mm/s and decreasing gradually to zero, which is comparable to the experimental result, 1.5 mm/s to 0 as reported in Ref. [2] .
From the above simulation results, one can also find that the deformation difference along the specimen originating from the prearranged disturbance is not amplified until a critical strain is reached, when serrations emerge in the load curves and the strain curves of different sections and diverge from one another, namely, unstable plastic deformation occurs in the specimen. It is therefore confirmed that the present model can reproduce the experimental fact that PLC effect takes place only after the deformation reaches some critical value. This feature can also be found in Fig. 6 , which clearly depicts the relationship between jerky flow and dynamic strain aging. When the initial disturbance is introduced, there are several oscillations in the amplitude of the stress component σ dsa . Dominated by Eq. (4), these oscillations are rapidly damped, which indicates that the pinning and unpinning effects between mobile dislocations and solute atoms are in dynamic equilibrium. This balance is disrupted when the strain reaches the critical value and can no longer be kept during the subsequent deformation, and meanwhile the strain rate curve becomes comblike, i.e., jerky flow takes place.
With increasing plastic strain, the average waiting time of mobile dislocations at their obstacles becomes longer due to the increasing impediment strength, which permits more solutes diffusing toward them, and therefore the pinning effect will temporarily take the advantage. This is the reason why the amplitudes of σ dsa show a gradually ascending tendency with increasing deformation. However, as described in Eq. (4), the bigger the stress σ dsa is, the stronger the unpinning effect. Consequently, the unstable flow becomes more violent and the comb teeth on the strain rate curve grow higher. In other words, the localized deformation on macroscopic scale associated with the PLC effect can be directly traced back to the pinning and unpinning processes on the microscopic scale, and only these two conflicting effects are considered here in a unified scheme. 
